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• Not attempt at an exhaustive review; I’ll offer observations in some arenas where
pQCD meets RHIC:

I.) II.)

Jörn Putschke for the STAR Collaboration, QM09, Knoxville

Full-Jet reconstruction in HI collisions
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DIS 2009 – Spin Physics WG experimental summary 9

!G from polarized pp collisions at RHIC

• Swadhin Taneja (PHENIX, inclusive "0) and Bernd Surrow (STAR, 
inclusive jets) reported the latest results on gluon polarization from 
ALL measurements in pp collisions at RHIC

• Find the gluon polarization for 0.02 < x < 0.3 is small

200 GeV
-0.7 < # < 0.9

PHENIX STAR
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III.) IV.)

Energy loss and the gauge-string duality 45
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loss results in jet quenching [2] – suppressions of hadron
yield and back-to-back angular correlation at high p⊥.
Such suppressions were observed in central Au+Au colli-
sions at RHIC [3, 4] and attributed to final state interac-
tions when no suppression was seen in d+Au [5]. Pertur-
bative QCD model calculations invoking parton energy
loss require 30 times the normal nuclear gluon density in
order to account for the central Au+Au results [6].

The depleted energy at high p⊥ must be redistributed
to low p⊥ particles [7, 8]. Reconstruction of these par-
ticles will constrain models describing production mech-
anisms of high p⊥ particles, and may shed light on the
underlying energy loss mechanism(s) and the degree of
equilibration of jet products with the medium.

This Letter presents results from statistical reconstruc-
tion, via two-particle angular correlations, of charged
hadrons in 0.15<p⊥<4 GeV/c associated with a high
p⊥ “trigger” particle in pp and Au+Au collisions at√

sNN=200 GeV. Two p⊥ windows for trigger particles,
4<ptrig

⊥ <6 GeV/c and 6<ptrig
⊥ <10 GeV/c, are presented.

The latter range is expected [9, 10] to provide a purer,
though much lower statistics, sample of hard scattering
products. Results are reported as a function of centrality
for Au+Au collisions and the associated hadron p⊥.

Analysis.– The STAR experiment [11] is well suited for
this measurement due to significant pseudo-rapidity (η)
and complete azimuthal (φ) coverage. The STAR Time
Projection Chamber (TPC) resides in a magnetic field of
0.5 T along its cylindrical axis (= the beam direction).
Events with reconstructed primary vertex within ±25 cm
longitudinally of the TPC center are used. The Au+Au
events are divided into 7 centrality classes as in [4].

High p⊥ trigger particles are selected with |ηtrig|<0.7
and dca (distance of closest approach to the primary ver-
tex) <1 cm. Other particles in the event with |η|<1.0
and dca<2 cm are paired with each trigger particle to
form ∆η=η−ηtrig and ∆φ=φ−φtrig distributions. The
primary vertex is included in the momentum fit of the
associated particles, but not for trigger particles to min-
imize weak decay background.

Combinatorial coincidences are removed by subtract-
ing mixed-event background of the same centrality
bin, so that detector non-uniformities should affect sig-
nal and background distributions in the same way.
The effect of elliptic flow (v2) is included by mul-
tiplying the Au+Au mixed-event background by 1 +
2v2(ptrig

⊥ )v2(p⊥) cos(2∆φ) [12]. The mixed events may
not precisely match the underlying background in events
with a trigger particle, e.g., due to different centrality
distributions within each analyzed bin. Hence, an addi-
tional p⊥-independent factor (1.46 for pp and 0.995-1.000
for Au+Au) has been applied to the background before
subtraction, in order to normalize it to the measured ∆φ
distribution within 0.8<|∆φ|<1.2 for 0.15<p⊥<4 GeV/c.

Figure 1 compares the background-subtracted ∆φ and

∆η distributions for pp vs central Au+Au collisions, in-
cluding [1(a) and 1(c)] or excluding [1(b) and 1(d)] the
softest associated particles. The distributions are cor-
rected for single-particle (and, in the case of ∆η, for two-
particle) acceptance and efficiency, and are normalized
per detected trigger particle. The ∆φ distributions in
1(b) support the qualitative conclusions of [4], exhibit-
ing near- (∆φ≈0) and awayside (∆φ≈π) jet peaks, with
the latter strongly suppressed by jet quenching in cen-
tral Au+Au. Comparison of 1(a) and 1(b) shows that
more soft associated hadrons are found per trigger par-
ticle in central Au+Au than in pp, on both the near
and away sides. Inclusion of the soft particles broad-
ens the ∆φ peaks, especially on the away side. Indeed,
the awayside strength for central Au+Au in 1(a) is no
longer even ”jet”-like, but is rather consistent in shape
with the [A − B cos(∆φ)] dependence expected [13] for
purely statistical momentum balance of the nearside jet.

For associated hadrons within the nearside ∆φ region,
the ∆η distributions shown in Fig. 1(c) and 1(d) exhibit
jet-like peaks that are broader for central Au+Au than
for pp, and grow broader still in both cases when the soft
associated hadrons are included. The awayside hadrons
have an essentially flat distribution in ∆η over the mea-
sured range for both pp and Au+Au - the latter are
shown in 1(c) - as expected when a broad range of par-
ton momenta contribute to jet production. This flat ∆η
distribution, combined with the limited TPC coverage
(|∆η|<1.4), implies that we cannot hope to recover the
full awayside momentum needed to balance the nearside
jets.

0

0.5

1

1.5

2
(a)

0 2 4

0

0.1

0.2

(b)

(c)

-1 0 1

(d)

0.15 < p  < 4 GeV/c

2 < p  < 4 GeV/c|<1.0!|
pp

Au+Au 5%
|<0.5"#|

pp
Au+Au 5%

Au+Au 5% |<1.0)$-"#(|

!
#

d
c
h

d
N

 
tr

ig
N

1
  

o
r 

 
"

#
d

c
h

d
N

 
tr

ig
N

1

"# !#

FIG. 1: Background subtracted (a),(b) ∆φ and (c),(d)
∆η distributions for pp and 5-0% central Au+Au for
4<ptrig

⊥ <6 GeV/c and two associated p⊥ ranges. The sub-
tracted background level for p⊥=0.15-4 GeV/c (2-4 GeV/c) is

1
Ntrig

dNch
d∆φ ≈1.4 (0.007) in pp and ≈211 (2.1) in 5-0% Au+Au.

The curve in (a) shows the shape of an [A−B cos(∆φ)] func-
tion. The curves in (c),(d) are Gaussian fits to the pp data.

To accommodate the features in Fig. 1, we define
nearside (|∆φ|<1.0, |∆η|<1.4) and awayside (|∆φ|>1.0,
|η|<1.0) regions for the remaining analysis. We integrate
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FIG. 2: Jet-pair distributions dNAB
(Di−)Jet/d(∆φ) for differ-

ent centralities, normalized per trigger particle. The shaded
bands indicate the systematic error associated with the de-
termination of ∆φMin. The dashed (solid) curves are the
distributions that would result from increasing (decreasing)
〈vA

2 vB
2 〉 by one unit of the systematic error; the dotted curve

would result from decreasing by two units.

The existence of these local minima per se is not signif-
icant once we take the systematic errors on 〈vA

2 vB
2 〉 into

account (see below), but it is clear that the away-side
peaks in all the more central samples have a very differ-
ent shape than in the most peripheral sample.

Given the dramatic results for the away-side peaks seen
in Fig. 2, it is important to establish that they are not
simply artifacts created by our method for background
pair subtraction. If we relax the ZYAM assumption and
lower b0 slightly, the effect on any (di-)jet pair distribu-
tion would essentially be to raise it by a constant, which
would not change the presence of the local minima at
∆φ = π.

Changes to our estimate for 〈vA
2 vB

2 〉 can alter the shape
of the (di-)jet distribution for some centrality samples,
but the result of away-side broadening with centrality
remains robust. The curves in Fig. 2 show the distribu-
tions that would result if the 〈vA

2 vB
2 〉 products were arbi-

trarily lowered by one and two units of their systematic
error. With a two-unit shift the shape in the mid-central
would no longer show significant local minima at ∆φ = π.
However, the widths of the away-side peaks are clearly
still much greater than in the peripheral sample and the
distributions in the two most central samples are hardly
changed at all in shape. Even lower values of 〈vA

2 vB
2 〉

could be contemplated, but they would still not change
the qualitative result of away-side broadening. And, such

low 〈vA
2 vB

2 〉 values would also require a severe breakdown
of the assumption 〈vA

2 vB
2 〉 = 〈vA

2 〉〈vB
2 〉, indicating that

these background pairs have a large, hitherto-unknown
source of azimuthal anti-correlation.

Convoluting the jet fragments’ angles with respect to
their parent partons and the acoplanarity between the
two partons [23] would yield a Gaussian-like shape in
∆φ, possibly broadened through jet quenching[13, 25].
The observed shapes in the away-side peaks cannot result
from such a convolution.

We define the part of the ∆φ distribution in
|∆φ| < ∆φMin as the “near-side” peak and |∆φ| > ∆φMin

as the “away-side” peak. Each peak is characterized by
its yield of associated partners per trigger, and by its
RMS width. We measure these for the full peak in the
distribution over all values of ∆φ; the folded distributions
over 0 < ∆φ < π shown here contain only half of each
full peak’s shape. These yields and widths are plotted in
Fig. 3 for the different Au+Au centrality samples, along
with the same quantities for 0–20% central d+Au colli-
sions at √sNN =200 GeV [23]. The yields and widths for
the near- and away-side peaks in peripheral Au+Au col-
lisions are consistent with those in d+Au collisions. The
yields of both the near- and away-side peaks increase
from peripheral to mid-central collisions, and then de-
crease for the most central collisions. The near-side width
is unchanged with centrality, while the away-side width
increases substantially from the 60–90% sample to the
40–60% sample and then remains constant with central-
ity.
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FIG. 3: (a) Associated yields for near- and away-side peaks in
the jet pair distribution, and (b) widths (RMS) of the peaks in
the full 0–2π distributions; plotted versus the mean number of
participating nucleons for each event sample. Triangles show
results from 0–20% central d+Au collisions at the same

√
sNN

[23]. Bars show statistical errors, shaded bands systematic.

In summary, we have presented correlations of high
momentum charged hadron pairs as a function of col-
lision centrality in Au+Au collisions. Utilizing a novel
technique we extract the jet-induced hadron pair dis-

Fig. 7. (Color online.) Top: The STAR analysis64 shows substantial broadening of the away-side
jet. Reprinted figure 1 with permission from J. Adams et al., Phys. Rev. Lett. 95, 152301 (2005),
http://link.aps.org/abstract/PRL/v95/p152301. Copyright 2005 by the American Physical Soci-
ety.
Bottom: The PHENIX analysis65 shows jet-splitting for sufficiently central events. Reprinted
figure 2 with permission from S. S. Adler et al., Phys. Rev. Lett. 97, 052301 (2006),
http://link.aps.org/abstract/PRL/v97/p052301. Copyright 2006 by the American Physical So-
ciety.
In reference to the images in this figure, we note in accord with the publisher’s guidelines that
“Readers may view, browse, and/or download material for temporary copying purposes only, pro-
vided these uses are for noncommercial personal purposes. Except as provided by law, this material
may not be further reproduced, distributed, transmitted, modified, adapted, performed, displayed,
published, or sold in whole or part, without prior written permission from the American Physical
Society.”

Jörn Putschke for the STAR Collaboration, QM09, Knoxville
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• Factorization and polarized scattering (when?)

• Jet structure (and quenching)

-39

I. Basics of “vacuum” pQCD

II. Factorization (when?) and polarized scattering

III. Jet structure and medium-dependence

IV. Inter-jet radiation and energy flow

-39



I. Basics of “vacuum” pQCD

How we use asymptotic freedom

– Infrared safety & asymptotic freedom:

Q2 σ̂SD(Q2, µ2, αs(µ)) =
∑
n

cn(Q2/µ2) αs
n(µ) + O


1

Qp



=
∑
n

cn(1) αs
n(Q) + O


1

Qp



– e+e− total; jets: a sum over collinear rearrangements and
soft emission organizes all long-time transitions, which must
sum to ≤ 1 by unitarity.

-38



– What we’re really looking at here (with local source J)

σ[f ] = lim
R→∞

∫
d4xe−iq·y ∫

dn̂ f(n̂)

×〈0| J(0)T [n̂iT0i(x0, Rn̂)J(y)] |0〉
(Sveshnikov & Tkachov 95, Korchemsky, Oderda & GS 96, Bauer, Fleming, Lee & GS 08,

Hofman & Maldacena 08)

With T0i the energy momentum tensor

– “Weight” f(n̂) introduces no new dimensional scale

Short-distance dominated if all dkf/dn̂k bounded

– We have to ask only very “smooth” questions!
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– Generalization: factorization

Q2σphys(Q, m, f) = ωSD(Q/µ, αs(µ), f) ⊗ fLD(µ, m)

+O


1

Qp



µ = factorization scale;
m= IR scale (m may be perturbative)

– “New physics” in ωSD; fLD “universal”

– Almost all collider applications. Enables us to compute

the Energy-transfer-dependence in |〈Q, out|A + B, in〉|2.

– But again, requires a smooth weight for final states!
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Resummation?

– Whenever there is factorization, there is evolution

0 = µ
d

dµ
ln σphys(Q, m)

µ
d ln f

dµ
= −P (αs(µ)) = −µ

d ln ω

dµ

– Wherever there is evolution there is resummation,

σphys(Q, m) = σphys(q, m) exp


∫ Q
q

dµ′

µ′ P
(
αs(µ

′)
)

– For example: σphys = F̃2(Q
2, N), DIS moment.

-35



– & then we know P̃ (N, αs) = γN = γ
(1)
N (αs/π) + . . .,

and we get

F̃2(N, µ) = F̃2(N, µ0) exp

 −
1

2

∫ µ2

µ2
0

dµ′2

µ′2 γ(N, αs(µ
′))



– and with αs(µ) = 4π/b0 ln(µ2/Λ2
QCD), this is

F̃2(N, Q) = F̃2q/H(N, Q0)


ln(Q2/Λ2

QCD)

ln(Q2
0/Λ2

QCD)


−2γ

(1)
N /b0

-34



– It works pretty well. Approximate scaling at moderate x,

pronounced evolution for smaller x:
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With these methods can describe both particles and jets
in pp at 200 GeV . . .

... Works
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Fig. 6. Midrapidity invariant yields for (π+ + π−)/2 and (p+p̄)/2 at high pT for
minimum bias p+p and d+Au collisions compared to results from NLO pQCD
calculations using KKP [29] (PDF: CTEQ6.0) and AKK [30] (PDF: CTEQ6M) sets
of fragmentation functions and results from the EPOS model [28]. The PDFs for
d and Au-nucleus are taken from Refs. [31] and [32] respectively. All results from
NLO pQCD calculations are with factorization scale is µ = pT.

Collaboration [33]. For d+Au collisions NLO pQCD calculations with KKP
FFs are consistent with the data for pT > 4 GeV/c while those with AKK
FFs underpredict the measured charged pion yields.

The proton+anti-proton yield at high pT in p+p and d+Au collisions is much
higher than the results from NLO pQCD calculations using the KKP set
of FFs and lower compared to calculations using AKK FFs. The relatively
better agreement of NLO pQCD calculations with AKK FFs compared to
those with KKP FFs for proton+anti-proton yields shows the importance of
the flavor-specific measurements in e++e− collisions in determining the FFs
for baryons. One may further improve the NLO pQCD calculations by an
all-order resummation of large logarithmic corrections to the partonic cross-
sections [34].

6 Scaling of particle production

The invariant cross-sections of inclusive pion production in high energy p+p
collisions have been found to follow the scaling laws [36] :

E
d3σ

dp3
=

1

pn
T

f (xT ) or E
d3σ

dp3
=

1√
s

n g (xT ) (2)

13

!±
p

Jörn Putschke for the STAR Collaboration, QM09, Knoxville

Reference: jet x-section in p+p collisions

7

STAR, PRL 97 (2006), 252001 
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Jet cross-section and particle production in p+p is well 
described in pQCD framework over 7 orders of magnitude

Look now at the real jet fragmentation function: 

z=pt/Ejet and !=ln(1/z)

Jet

Fragmentation process

Hard scatter

New p+p data at 200 GeV

Yichun Xu, 5A 

p

!
K

Wednesday, April 1, 2009

Especially for the single-particle inclusive cross sections, the
range of agreement was a surprise. A great impetus for polar-
ization and HI studies. In ratios, at least we understand the
denominator!

-32



II. Factorization (when?) and polarized scattering

• The physical basis in hadron collisions

x,y,z,t

q
β 1

x , y , z , t

x3cβt -−∆= ∆ ≡ x′
3 − βct′

• Why a classical picture isn’t far-fetched . . .

The correspondence principle is the key to
to IR divergences.

• An accelerated charge must produce classical radiation,

• and an infinite numbers of soft gluons are required
to make a classical field.
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Transformation of a scalar field:

φ(x) =
q

(x2
T + x2

3)
1/2

= φ′(x′) =
q

(x2
T + γ2∆2)1/2

From the Lorentz transformation:
x3 = γ(βct′ − x′

3) ≡ −γ∆.

Closest approach is at ∆ = 0, i.e. t′ = 1
βcx

′
3 .

The scalar field transforms “like a ruler”: At any fixed
∆ 6= 0, the field decreases like 1/γ =

√
1 − β2.

Why? Because when the source sees a distance x3,
the observer sees a much larger distance.
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x,y,z,t

q
β 1

x , y , z , t

x3cβt -−∆=

field x frame x′ frame

scalar q
|~x|

q
(x2

T +γ2∆2)1/2

gauge (0) A0(x) = q
|~x| A′0(x′) = −qγ

(x2
T +γ2∆2)1/2

field strength E3(x) = q
|~x|2 E′

3(x
′) = −qγ∆

(x2
T +γ2∆2)3/2

Gauge fields : E3 ∼ γ0, E3 ∼ γ−2

• The “gluon” ~A is enhanced, yet is a total derivative:

Aµ = q
∂

∂x′
µ

ln
(
∆(t′, x′

3)
)
+ O(1 − β) ∼ A−

• The “large” part of Aµ can be removed by
a gauge transformation!
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• The “force” ~E field of the incident particle does not
overlap the “target” until the moment of the scattering.

• “Advanced” effects are corrections to the total derivative:

1 − β ∼
1

2

√1 − β2
2 ∼

m2

2E2

• Power-suppressed! These are corrections to factorization.

• At the same time, a gauge transformation also induces
a phase on charged fields:

q(x) ⇒ q(x) ei ln(∆)

Cancelled if the fields are well-localized ⇔ σ inclusive
(smooth weight functions f).
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• Initial-state interactions decouple from hard scattering

• Summarized by multiplicative factors: the parton distributions

⇒ Cross section for inclusive hard scattering is IR safe,
with power-suppressed corrections.

• But what about cross sections where we observe specific
particles in the final state? Single hadrons, dihadron
correlations, etc?

-27



• Much of the same reasoning holds:

x < βc t3

• Subtle but important difference: ∆ changes sign in the final
state

• Then the gauge function in ln(∆) gets an imaginary part!

• q(x) ⇒ q(x) ei ln(∆) no longer a pure phase!

• Mismatch between initial- and final-state interactions.

• Indicates physical effects in the final state.
(J. Collins & J.-W. Qiu)
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• Still cancels at high pT for single hadrons, but not in general
for distributions of momentum pairs. (M. Aybat & GS)

• But for single-particle inclusive . . .

• Interactions after the scattering are too late to affect
large momentum transfer, creation of heavy particle, etc.

• Fragmentation of partons to jets too late to know details of
the hard scattering: factorization of fragmentation functions.

-25



Lessons for polarized scattering

• In general, universality between hadronic collisions
and DIS/SIDIS holds only up to m2/p2

T corrections.

• Fine for ALL at leading power and for AT (twist 3) at m/pT
DSSV et seq. . . .

DIS 2009 – Spin Physics WG experimental summary 11

DSSV – first global analysis with RHIC pp data

• The first global NLO analysis to include inclusive DIS, semi-inclusive 
DIS, and RHIC pp data on an equal footing

• RHIC data (PHENIX neutral pions, STAR jets) play a significant role in 
constraining the gluon polarization

• Finds a node in the gluon distribution near x ~ 0.1

de Florian et al., PRL 101, 072001

• The spin does not have to be carried at the parton level
-24



• For AT in hadronic collisions, the use of Sivers and/or
Collins functions found from DIS invite further theory
developments; i.e. we don’t really know what’s going on yet.

• Twist-3 is the leading kT /pT contribution, with kT a parton’s
transverse momentum.

• Sivers functions summarize all powers in kT /pT .

• Non-universal contributions are a window to non-factoring
dynamics.

• Electron-ion collider will open new windows to all these
questions: polarized and unpolarized, leading and higher
twist/power.
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• The gauge-theory analog of our classical argument is
the universal soft-parton factor:

Real soft gluon k emitted by fast quark p, Dirac eq. gives:

ū(p) (−igs γµ )
p/ + k/ + m

(p + k)2 − m2
= ū(p) (−igs )

pµ

p · k
+ (IR finite)

In a diagram pµ will be contracted with a gluon propagator,

and in p · A = 0 gauge, this term vanishes!

Gνµ(k) = −
gνµ −

pν kµ + kν pµ

p · k
+ p2 kν kν

(p · k)2


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• Notice this gauge depends on the momentum p.

• The origin of the “universality” of soft gluon interactions.

• But it is the same for every parton in a jet.

• But when k2 < 0, this need not be the case, and we also
have:

ū(p)(−igs γµ )
p/ + k/ + m

(p + k)2 − m2

= iπδ(2p · k + k2)ū(p) (−igs ) 2pµ

• This is the QFT analog of the extra “phase” in the classical
model.

-21



III. Jet structure and medium-dependence

• One way: First – find a jet. Then assign an axis n̂J : by
minimizing ∑

i Ei cos θ(i,n̂J) for particles i in jet J .

• Angularities (C.F. Berger, Kúcs, GS, Magnea, Baur, Fleming, C.Lee. . . (2003 . . . ))

τa =
1

QJ

∑
i in N

pT i e−(1−a)|ηi|

• pT i, ηi measured relative to thrust (a = 0) axis
(can be chosen jet-by-jet).

• Broadening: a = 1; inclusive limit a → ∞.

• For multijet final states, define ηi relative to closest jet.
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• Cross section is a convolution in contributions of each jet and
a soft radiation function

σ (τa, Q, a) = HIJ
∫
dts

∏
jets i

∫
dti SJI(ts)

∏
i

Ji(ti, pJi)

× δ(
∑
i
ti + ts − τa)

• Thus, general resummed cross section can be
written as an inverse transform

σ (τa, Q, a) =
∫
C dν eν τa HIJ SJI(ν)

∏
i

Ji(ν, pJi)

in terms of f(ν) = ∫∞
0 dt e−νt f(t) .

Llarge (Catani, Turnock, Trentadue, Webber (1990-92))
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• Three-way factorization ⇒ CO/IR (Sudakov) resummation.

Two logarithmic integrals exponentiate:

Ji(ν, pJi) =
∫
0 dτa e−ντJi Ji(τJi, pJi) = e

1
2E(ν,Q,a)

E(ν, Q, a) = 2
1∫
0

du

u
[

uQ2∫
u2Q2

dp2
T

p2
T

A (αs(pT ))
e−u1−aν(pT /Q)a − 1



+
1

2
B

(
αs(

√
uQ)

) e−u(ν/2)2/(2−a)
− 1

 ]

• Expansion in αs(Q) finite at all orders. The “cusp” function
A(αs) depends on color representation of the parent parton,
only B(αs) depends on its spin.

-18



Nonperturbative effects

• How to interpret expressions like (a = 0)

E(ν, Q, 0) = 2
1∫
0

du

u
[

uQ2∫
u2Q2

dp2
T

p2
T

A (αs(pT ))
e−uν(pT /Q) − 1



+
1

2
B

(
αs(

√
uQ)

) e−u(ν/2) − 1
 ] ?

• Enter: nonperturbative scales in resummmed PT

Phenomenologically important event at high energy.

-17



• Example: Heavy jet distribution at the LEP Z pole (∼ τ0).
(Korchemsky and Tafat (2000))

0 0.1 0.2 0.3
!

0

10

20

30

1/
to
td

d
Aleph
Delphi
L3

'Exclusive limit'

• Dashed line: NLL resummed; solid line:
nonperturbative “shape function” fit. What’s that?
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• “Split” integral over pT (αs(pT )) in E(ν, Q, a):

– pT > κ ≡ EPT,

– pT < κ: expand in powers of 1/Q

E(ν, Q, a) = EPT(ν, Q, κ, a)

+
2

1 − a

∞∑
n=1

1

n n!

−
ν

Q


n κ2∫

0

dp2
T

p2
T

pn
T A (αs(pT )) + . . .

≡ EPT(ν, Q, κ, a) + ln f̃a,NP


ν

Q
, κ



• Factors
κ2∫
0

dp2
T

p2
T

pn
T A (αs(pT )) normalize Q−n power

corrections

• Summarize in a factorized “shape function” fa,NP
(additive in exponent E).
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• Shape function factorizes in moments → convolution

σ(τa, Q) =
∫
dξfa,NP(ξ) σPT(τa − ξ, Q)

• e+e−: fit at Q = MZ ⇒predictions for all Q, any (quark)
jet.

• Portable to jets in hadronic collisions

• and will be sensitive to gluon/quark origin of the jet.

• Might seem artificial – but the cusp function A(αs) is
universal and can even be studied at strong coupling in SYM
. . . although its nonperturbative power corrections are purely
“nonconformal”, i.e. depend essentially on the running of the
QCD coupling. Which is good, not bad.
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• Shape function phenomenology for thrust at LEP.

(Korchemsky,GS, Belitsky; Gardi Rathsman, Magnea, C.Lee . . . (1998 . . . ))

L3 data on a 6= 0 will appear.
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Can this be portable to HI jets?

• Well, in

E(ν, Q, 0) ∼ 2
1∫
0

du

u
[

uQ2∫
u2Q2

dp2
T

p2
T

A (αs(pT ))
e−uν(pT /Q) − 1

 ]

u is conjugate to 1/tQ, with t the “formation time” for gluon
emission. So in a sense, E “tells a series of stories”, of all
possible emissions that take time t:

E(ν, Q, 0) = 2
∞∫
0

dt

t
[

1/t2∫
Q/t

dp2
T

p2
T

A (αs(pT ))
e−uν(pT /Q) − 1



+
1

2
B

(
αs(

√
uQ)

) e−u(ν/2) − 1
 ]

• All these stories (like the power corrections) are additive in
E(ν, Q, a).
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• In principle, an analysis of shapes in pp and AA for
angularities or other cleverly-chosen event shapes could
provide the transition between the vacuum cusp function A
and the quantum history of fast partons in the
strongly interacting medium.
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• This information is surely imprinted in jet correlations on the
near-side and far-side and in photon-jet studies.

QM '09, Knoxville, TN PHENIX Highlights II, Carla M. Vale 30 

Away side suppression 

  

! 

zT =
pT

hadron

pT
trigger

Fragmentation function: 

D z
N

dN z

dzq T

evt

T

T

( )
( )

=
1

    

! 

IAA " DAA(zT ) / Dpp(zT )

arXiv:0903.3399 
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IV. Inter-jet Radiation: color and energy flow

– Trigger on 2 or more jets. Measure distribution ΣΩ(E)
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– An example of multiple energy correlations:

Σ[f ] ∼ lim
R→∞

∫
d4xe−iq·y ∏

i

∫
dn̂i fΩ(n̂1 . . .)

×〈I| J(0)T [
∏
i
n̂iT0i(x0, Rn̂)J(y)] |I〉

for some function of directions fΩ(n̂1 . . .) that demands
2 jets, and measures energy in Ω.

– This is studied in duality-based models of energy-loss at
strong coupling! 4

penetration depth, we imagine measuring x̄(t) at some
early time t∗. We then define the penetration depth ∆x
in the obvious manner as

∆x ≡ |x̄(∞)− x̄(t∗)| . (3.3)

On the gravitational side of the gauge/gravity corre-
spondence, the addition of a N = 2 hypermultiplet to the
N = 4 SYM theory is accomplished by adding a D7 brane
to the 10d geometry [37]. The D7 brane fills a volume
of the AdS-BH geometry which extends from the bound-
ary at u = 0 down to maximal radial coordinate um,
and wraps an S3 of the S5. The bare mass M of the
hypermultiplet is proportional to 1/um [13], so for mass-
less quarks the D7 brane fills all of the five-dimensional
AdS-BH geometry. Open strings which end on the D7
brane represent dressed qq̄ pairs in the field theory. In
the 5d geometry these strings can fall unimpeded toward
the event horizon until their endpoints reach the radial
coordinate um where the D7 brane ends.1 For sufficiently
light or massless quarks, um > uh and open string end-
points can fall into the horizon.2

The endpoints of strings are charged under a U(1)
gauge field AM which resides on the D7 brane. The
boundary of the 5d geometry, which is where the field
theory lives, behaves as an ideal electromagnetic conduc-
tor [38] and hence the presence of the string endpoints,
which source the D7 gauge field AM , induce an image
current density Jµ

baryon on the boundary. This is illus-
trated schematically by the cartoon in Fig. 3 . Via the

1 One should bear in mind that even when the radial position of
the string endpoints lies closer to the boundary than um, the
string endpoints are nevertheless attached to the D7 brane, al-
beit in the full 10d space. The embedding of the D7 brane is
determined dynamically by minimizing the D7 worldvolume. In
general, this means that the D7 brane wraps a 3-sphere inside
the S5 of the AdS-BH×S5 background geometry. This 3-sphere
varies in a non-trivial way as a function of the radial coordinate
of the AdS-BH geometry. For a hypermultiplet with non-zero
mass, the string endpoints must move on the internal S5 as they
fall down in the AdS-BH geometry, so that the string endpoints
remain on the D7 brane. But for massless hypermultiplets, the
corresponding D7 embedding is a simple product space, AdS-BH
×S3. In this case, it is consistent to have the entire string sit at
a fixed point on the S5 while it falls in the AdS-BH background.
Any additional motion of the string in the internal space will
only add to the energy of the string without affecting its stop-
ping distance and so will be of no interest for us — we want to
find strings which carry a minimal amount of energy for a given
stopping distance. In the large Nc limit, one can ignore the back-
reaction of the D7 brane on the background geometry and the
backreaction of the string on the D7, as well as potential insta-
bilities involving string breaking or dissolving into the D-brane.
These issues are discussed further in Section V .

2 Strictly speaking, in the coordinate system we are using no por-
tion of the string crosses the horizon at any finite value of time.
Due to the gravitational redshift, the rate of fall du/dt decreases
exponentially as one approaches the horizon. Nevertheless, it is
natural to speak of the string endpoint falling “into” or “reach-
ing” the horizon when u− uh # uh.

hMN

〈T µν〉 〈jµ〉

uh

0

ra
d

ia
l 
c
o

o
rd

in
a

te

AM

FIG. 3: A cartoon of the bulk-to-boundary problem at fi-
nite temperature. The endpoints of strings are charged under
a U(1) gauge field AM which lives on the D7 brane which
fills the AdS-BH geometry. The boundary of the geometry,
located at radial coordinate u = 0, behaves like a perfect
conductor. Consequently, the string endpoints induce mirror
current densities Jµ

baryon on the boundary. Via gauge/gravity
duality, the induced current density has the interpretation of
the baryon density of a quark. Similarly, the presence of the
string induces a perturbation hMN in the metric of the bulk
geometry. The behavior of the metric perturbation near the
boundary encodes the information contained in the perturba-
tion to the SYM stress-energy tensor caused by the presence
of the jet.

standard gauge/gravity dictionary [5, 6, 7, 8, 37], the in-
duced current density corresponding to each string end-
point has a field theory interpretation as the baryon cur-
rent density of a dressed quark.

The degree to which the baryon density is localized de-
pends on how close the string endpoint is to the bound-
ary of the 5d geometry. The farther the endpoint is away
from the boundary, the more the field lines of AM can
spread out, and hence the more delocalized will be the
induced image current Jµ

baryon. In the limit where the
radial coordinate U of the string endpoint is far from the
horizon, U $ uh, the baryon density will be localized
with a length scale ∼ U [33]. We note that the appear-
ance of the length scale U in the baryon density is natural
since, for U $ uh, it takes light an amount of time ∼ U
to reach the boundary.

If at time t∗ the string’s endpoint is at radial coordi-
nate u∗ $ uh, then x̄(t∗) approximately coincides with
the spatial position of the string endpoint xstring(t∗) [33].
The string endpoint can only travel a finite distance be-
fore falling into the black hole. The final spatial coordi-
nate of the string endpoint xstring(∞) will exactly coin-
cide with x̄(∞) [33]. We therefore have

∆x ≈ |xstring(∞)− xstring(t∗)| . (3.4)

(Chesler, Jensen, Karch, Yaffe (2008))
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– There are many choices for such a cross section, including

– a) Simplest: inclusive in Ω̄ → Total number of jets ≥ 2
but not otherwise fixed.

– b) Correlation with an event shape τa . . . :
fixes number of jets → “simple” factorization
(C.F. Berger, Kúcs, GS (2003), Dokshitzer, Marchesini (2003))
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– for a): Number of jets not fixed: much more complex.

Summarizes many factorizations ⇒ nonlinear evolution
(Banfi, Marchesini, Smye (2002)) LL in E/Q, large-Nc (all Σ = Σ(E))

∂∆Σab = −∂∆Rab Σab +
∫
k∈Ω̄ dNab→k (ΣakΣkb − Σab)

dNab→k =
dΩk

4π

βa · βb

βk · βb βk · βa
, Rab =

∫ Q
E

dE′

E′
∫
Ω dNab→k

– Origin of the nonlinearity

∗ ∂∆ = E∂E

∗ ∂E requires a “hard” gluon k

∗ New hard gluon acts as new, recoil-less source

∗ Large-N limit: q̄(a)G(k)q(b) → q̄(a)q(k) ⊕ q̄(k)q(a)

– VERY Intriguing relation to small-x saturation & BK Eqn.
(Weigert (2003), Hatta (2008,9) ↔ strong coupling)
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• For b) Correlation with event shape τa . . . :
fixes number of jets

– Keep τaQ ∼ EΩ (BKS), Resum as above:

dσ

dEΩdτa
∼ S(EΩ/τaQ)

dσresum

dτa

– Limit EΩ/τaQ → 0 (DM): use nonlinear evolution for S

– Influence of color flow on energy flow at wide angles
(Dokshitzer, Khoze, Troyan, Mueller . . . )

– Applications to rapidity gaps
(Oderda, GS; Appleby, Seymour, Sjodahl (2003 . . . 2009))
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• Interjet multiplicity studies at CDF: slow increase with jet
energy

Jörn Putschke for the STAR Collaboration, QM09, Knoxville

The underlying event in p+p collisions

9

• Underlying event is decoupled from 
the hard scattering 

• Small initial and final state radiation 
at large angles at RHIC energies 

STAR Preliminary

Helen Caines, 2A
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p+p JP trigger

STAR preliminary

Wednesday, April 1, 2009

• Striking absence of radiation into the φ-gap
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Jörn Putschke for the STAR Collaboration, QM09, Knoxville

Full-Jet reconstruction in HI collisions

23
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STAR preliminary

Elena Bruna & Mateusz Ploskon, 2A

Wednesday, April 1, 2009

• Different from generic e+e− jet pair

• The probable difference: in e+e− the pair forms a
color singlet dipole

• In hadronic collisions, the generic high-pT pair of partons
must find dipole matches in the forward direction.

• Anomalous dimension associated with hard/soft/collinear
factorization encode this information but much remains to be
done.
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• Earliest radiation may tend to be point towards the beam
directions (larger |η|). An interesting coincidence
with the “ridge” direction . . .Dihadrons: Gallery of Features

40

• Disappearance of away-side 
“jet” in central Au+Au
! not the case in d+Au 

! establish “final” state effect

 p
T

trig =  3-6 GeV/c 

2 GeV/c< p
T
assoc <  p

T
trig 

Au+Au

• At higher trigger pT di-jet 
signal re-emerges in Au+Au
! punch through ?

! tangential jets ?

• At lower pT (away side) 
double hump structure 
emerges
! medium response ?

! mach cone ?

! deflected jets ?

• Long range !" correlations 
on the near-side - The 
“Ridge”
! medium response ?
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• Who knows? We may find a unified picture from radiation
histories based on the cusp anomalous dimension all the way,
to “jet splittings” and v2:

Energy loss and the gauge-string duality 45

3

loss results in jet quenching [2] – suppressions of hadron
yield and back-to-back angular correlation at high p⊥.
Such suppressions were observed in central Au+Au colli-
sions at RHIC [3, 4] and attributed to final state interac-
tions when no suppression was seen in d+Au [5]. Pertur-
bative QCD model calculations invoking parton energy
loss require 30 times the normal nuclear gluon density in
order to account for the central Au+Au results [6].

The depleted energy at high p⊥ must be redistributed
to low p⊥ particles [7, 8]. Reconstruction of these par-
ticles will constrain models describing production mech-
anisms of high p⊥ particles, and may shed light on the
underlying energy loss mechanism(s) and the degree of
equilibration of jet products with the medium.

This Letter presents results from statistical reconstruc-
tion, via two-particle angular correlations, of charged
hadrons in 0.15<p⊥<4 GeV/c associated with a high
p⊥ “trigger” particle in pp and Au+Au collisions at√

sNN=200 GeV. Two p⊥ windows for trigger particles,
4<ptrig

⊥ <6 GeV/c and 6<ptrig
⊥ <10 GeV/c, are presented.

The latter range is expected [9, 10] to provide a purer,
though much lower statistics, sample of hard scattering
products. Results are reported as a function of centrality
for Au+Au collisions and the associated hadron p⊥.

Analysis.– The STAR experiment [11] is well suited for
this measurement due to significant pseudo-rapidity (η)
and complete azimuthal (φ) coverage. The STAR Time
Projection Chamber (TPC) resides in a magnetic field of
0.5 T along its cylindrical axis (= the beam direction).
Events with reconstructed primary vertex within ±25 cm
longitudinally of the TPC center are used. The Au+Au
events are divided into 7 centrality classes as in [4].

High p⊥ trigger particles are selected with |ηtrig|<0.7
and dca (distance of closest approach to the primary ver-
tex) <1 cm. Other particles in the event with |η|<1.0
and dca<2 cm are paired with each trigger particle to
form ∆η=η−ηtrig and ∆φ=φ−φtrig distributions. The
primary vertex is included in the momentum fit of the
associated particles, but not for trigger particles to min-
imize weak decay background.

Combinatorial coincidences are removed by subtract-
ing mixed-event background of the same centrality
bin, so that detector non-uniformities should affect sig-
nal and background distributions in the same way.
The effect of elliptic flow (v2) is included by mul-
tiplying the Au+Au mixed-event background by 1 +
2v2(ptrig

⊥ )v2(p⊥) cos(2∆φ) [12]. The mixed events may
not precisely match the underlying background in events
with a trigger particle, e.g., due to different centrality
distributions within each analyzed bin. Hence, an addi-
tional p⊥-independent factor (1.46 for pp and 0.995-1.000
for Au+Au) has been applied to the background before
subtraction, in order to normalize it to the measured ∆φ
distribution within 0.8<|∆φ|<1.2 for 0.15<p⊥<4 GeV/c.

Figure 1 compares the background-subtracted ∆φ and

∆η distributions for pp vs central Au+Au collisions, in-
cluding [1(a) and 1(c)] or excluding [1(b) and 1(d)] the
softest associated particles. The distributions are cor-
rected for single-particle (and, in the case of ∆η, for two-
particle) acceptance and efficiency, and are normalized
per detected trigger particle. The ∆φ distributions in
1(b) support the qualitative conclusions of [4], exhibit-
ing near- (∆φ≈0) and awayside (∆φ≈π) jet peaks, with
the latter strongly suppressed by jet quenching in cen-
tral Au+Au. Comparison of 1(a) and 1(b) shows that
more soft associated hadrons are found per trigger par-
ticle in central Au+Au than in pp, on both the near
and away sides. Inclusion of the soft particles broad-
ens the ∆φ peaks, especially on the away side. Indeed,
the awayside strength for central Au+Au in 1(a) is no
longer even ”jet”-like, but is rather consistent in shape
with the [A − B cos(∆φ)] dependence expected [13] for
purely statistical momentum balance of the nearside jet.

For associated hadrons within the nearside ∆φ region,
the ∆η distributions shown in Fig. 1(c) and 1(d) exhibit
jet-like peaks that are broader for central Au+Au than
for pp, and grow broader still in both cases when the soft
associated hadrons are included. The awayside hadrons
have an essentially flat distribution in ∆η over the mea-
sured range for both pp and Au+Au - the latter are
shown in 1(c) - as expected when a broad range of par-
ton momenta contribute to jet production. This flat ∆η
distribution, combined with the limited TPC coverage
(|∆η|<1.4), implies that we cannot hope to recover the
full awayside momentum needed to balance the nearside
jets.
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FIG. 1: Background subtracted (a),(b) ∆φ and (c),(d)
∆η distributions for pp and 5-0% central Au+Au for
4<ptrig

⊥ <6 GeV/c and two associated p⊥ ranges. The sub-
tracted background level for p⊥=0.15-4 GeV/c (2-4 GeV/c) is

1
Ntrig

dNch
d∆φ ≈1.4 (0.007) in pp and ≈211 (2.1) in 5-0% Au+Au.

The curve in (a) shows the shape of an [A−B cos(∆φ)] func-
tion. The curves in (c),(d) are Gaussian fits to the pp data.

To accommodate the features in Fig. 1, we define
nearside (|∆φ|<1.0, |∆η|<1.4) and awayside (|∆φ|>1.0,
|η|<1.0) regions for the remaining analysis. We integrate

5

)
!

"
(d

i-
je

t)
/d

(
A

B
 d

N
A

 p
a
ir
s
 p

e
r 

tr
ig

g
e
r:

 1
/N

 (rad)! "
0 0.5 1 1.5 2 2.5 3

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
(e) 40-60%

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
(c) 10-20%

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

(a) 0-5%

 (rad)! "
0.5 1 1.5 2 2.5 3

(f) 60-90%

(d) 20-40%

(b) 5-10%

FIG. 2: Jet-pair distributions dNAB
(Di−)Jet/d(∆φ) for differ-

ent centralities, normalized per trigger particle. The shaded
bands indicate the systematic error associated with the de-
termination of ∆φMin. The dashed (solid) curves are the
distributions that would result from increasing (decreasing)
〈vA

2 vB
2 〉 by one unit of the systematic error; the dotted curve

would result from decreasing by two units.

The existence of these local minima per se is not signif-
icant once we take the systematic errors on 〈vA

2 vB
2 〉 into

account (see below), but it is clear that the away-side
peaks in all the more central samples have a very differ-
ent shape than in the most peripheral sample.

Given the dramatic results for the away-side peaks seen
in Fig. 2, it is important to establish that they are not
simply artifacts created by our method for background
pair subtraction. If we relax the ZYAM assumption and
lower b0 slightly, the effect on any (di-)jet pair distribu-
tion would essentially be to raise it by a constant, which
would not change the presence of the local minima at
∆φ = π.

Changes to our estimate for 〈vA
2 vB

2 〉 can alter the shape
of the (di-)jet distribution for some centrality samples,
but the result of away-side broadening with centrality
remains robust. The curves in Fig. 2 show the distribu-
tions that would result if the 〈vA

2 vB
2 〉 products were arbi-

trarily lowered by one and two units of their systematic
error. With a two-unit shift the shape in the mid-central
would no longer show significant local minima at ∆φ = π.
However, the widths of the away-side peaks are clearly
still much greater than in the peripheral sample and the
distributions in the two most central samples are hardly
changed at all in shape. Even lower values of 〈vA

2 vB
2 〉

could be contemplated, but they would still not change
the qualitative result of away-side broadening. And, such

low 〈vA
2 vB

2 〉 values would also require a severe breakdown
of the assumption 〈vA

2 vB
2 〉 = 〈vA

2 〉〈vB
2 〉, indicating that

these background pairs have a large, hitherto-unknown
source of azimuthal anti-correlation.

Convoluting the jet fragments’ angles with respect to
their parent partons and the acoplanarity between the
two partons [23] would yield a Gaussian-like shape in
∆φ, possibly broadened through jet quenching[13, 25].
The observed shapes in the away-side peaks cannot result
from such a convolution.

We define the part of the ∆φ distribution in
|∆φ| < ∆φMin as the “near-side” peak and |∆φ| > ∆φMin

as the “away-side” peak. Each peak is characterized by
its yield of associated partners per trigger, and by its
RMS width. We measure these for the full peak in the
distribution over all values of ∆φ; the folded distributions
over 0 < ∆φ < π shown here contain only half of each
full peak’s shape. These yields and widths are plotted in
Fig. 3 for the different Au+Au centrality samples, along
with the same quantities for 0–20% central d+Au colli-
sions at √sNN =200 GeV [23]. The yields and widths for
the near- and away-side peaks in peripheral Au+Au col-
lisions are consistent with those in d+Au collisions. The
yields of both the near- and away-side peaks increase
from peripheral to mid-central collisions, and then de-
crease for the most central collisions. The near-side width
is unchanged with centrality, while the away-side width
increases substantially from the 60–90% sample to the
40–60% sample and then remains constant with central-
ity.
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FIG. 3: (a) Associated yields for near- and away-side peaks in
the jet pair distribution, and (b) widths (RMS) of the peaks in
the full 0–2π distributions; plotted versus the mean number of
participating nucleons for each event sample. Triangles show
results from 0–20% central d+Au collisions at the same

√
sNN

[23]. Bars show statistical errors, shaded bands systematic.

In summary, we have presented correlations of high
momentum charged hadron pairs as a function of col-
lision centrality in Au+Au collisions. Utilizing a novel
technique we extract the jet-induced hadron pair dis-

Fig. 7. (Color online.) Top: The STAR analysis64 shows substantial broadening of the away-side
jet. Reprinted figure 1 with permission from J. Adams et al., Phys. Rev. Lett. 95, 152301 (2005),
http://link.aps.org/abstract/PRL/v95/p152301. Copyright 2005 by the American Physical Soci-
ety.
Bottom: The PHENIX analysis65 shows jet-splitting for sufficiently central events. Reprinted
figure 2 with permission from S. S. Adler et al., Phys. Rev. Lett. 97, 052301 (2006),
http://link.aps.org/abstract/PRL/v97/p052301. Copyright 2006 by the American Physical So-
ciety.
In reference to the images in this figure, we note in accord with the publisher’s guidelines that
“Readers may view, browse, and/or download material for temporary copying purposes only, pro-
vided these uses are for noncommercial personal purposes. Except as provided by law, this material
may not be further reproduced, distributed, transmitted, modified, adapted, performed, displayed,
published, or sold in whole or part, without prior written permission from the American Physical
Society.”

Jörn Putschke for the STAR Collaboration, QM09, Knoxville

Full-Jet reconstruction in HI collisions
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• Factorization and polarized scattering (when?)

• Jet structure (and quenching)
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Beautiful new identified particle v2 from PHENIX

The NCQ scaling is broken at KET/nq ~1GeV. Different mechanism of 
recombination for pions and protons at intermediate pT  ? 

Au + Au at 200 GeV, Run 2007  

S. Huang, DNP 2008 

Data Breaks the quark scaling at high pT

Perhaps I don’t have to live with coalescence after all?

-1



No Conclusion . . .

except congratulations on an astonishing range of
discoveries, which opens too many doors for any single talk!
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